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ABSTRACT
We present dust yields for asymptotic giant branch (AGB) and super-asymptotic giant branch
(SAGB) stars of solar metallicity. Stars with initial mass 1.5 M ≤ Mini ≤ 3 M reach the
carbon star stage during the AGB phase and produce mainly solid carbon and SiC. The size
and the amount of the carbon particles formed follows a positive trend with the mass of the
star; the carbon grains with the largest size (aC ∼ 0.2µm) are produced by AGB stars with
Mini = 2.5–3 M, as these stars are those achieving the greatest enrichment of carbon in
the surface regions. The size of SiC grains, being sensitive to the surface silicon abundance,
remains at about aSiC ∼ 0.1µm. The mass of carbonaceous dust formed is in the range 10−4–
5 × 10−3 M, whereas the mass of SiC produced is 2 × 10−4–10−3 M. Massive AGB/SAGB
stars with Mini > 3 M experience hot bottom burning, which inhibits the formation of carbon
stars. The most relevant dust species formed in these stars are silicate and alumina dust, with
grain sizes in the range 0.1 < aol < 0.15µm and aAl2O3 ∼ 0.07µm, respectively. The mass of
silicates produced spans the interval 3.4 × 10−3 M ≤ Mdust ≤ 1.1 × 10−2 M and increases
with the initial mass of the star.
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1 IN T RO D U C T I O N
In recent years there has been a growing interest in the evolution
after the core helium-burning stage of low- and intermediate-mass
stars (M < 8 M). These late evolutionary phases, AGB or SAGB
stars (for initial masses 6 M < M < 8 M, which develop a
O-Ne core), despite representing only a few per cent of the overall
stellar lifetime, are of fundamental importance for understanding the
feedback of these objects on the host environment. This is because
AGB and SAGB stars are characterized by high mass-loss rates,
which favour the loss of the whole external envelope, before the
beginning of the planetary nebula and white dwarf evolution.
During the AGB phase, the stars eject gas with a chemical com-
position altered by internal nucleosynthesis processes, thus enrich-
ing the interstellar medium. Several theoretical studies have pre-
sented mass- and metallicity-dependent AGB stellar yields (see,
among others, Cristallo et al. 2009, 2015; Doherty et al. 2014;
Karakas 2010, 2014; Karakas & Lattanzio 2014; Karakas &
Lugaro 2016; Ventura et al. 2013, 2014; Di Criscienzo et al. 2016).
 E-mail: fdellagli@iac.es
These works derived several similarities but also significant differ-
ences in the predicted yields. These differences are mostly a result
of the different descriptions of convection used, in terms both of
the efficiency of convective transport and of the treatment of the
convective/radiative interface.
A strong interest in AGB stars is also motivated by the ther-
modynamical structure of the circumstellar envelope, which has
proved to be an environment extremely favourable to the conden-
sation of gaseous molecules into dust particles. The surface layers
of these stars are sufficiently cool (Teff < 4000 K) to allow dust
formation at typical distances of 3–10 stellar radii from the surface,
where the densities are high enough (ρ > 10−14 g cm−3, Gail &
Sedlmayr 1985) to allow the formation of meaningful quantities of
dust.
The pioneering investigations by the Heidelberg group
(Ferrarotti & Gail 2001, 2002, 2006) set up a framework for mod-
elling dust formation in the circumstellar envelope of AGB stars: the
schematisation adopted is based on the assumption that the wind
expands isotropically from the stellar surface, under the push of
radiation pressure, acting on the newly formed dust grains. While
interesting improvements to this basic treatment, accounting for
the effects of shocks coupled to the AGB evolution are in progress
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(Marigo et al. 2016), this approach is at present the only way to allow
the description of dust formation in the winds of stars of different
mass and chemical composition, extended over the whole AGB
phase. Indeed, different research groups have modelled the forma-
tion and growth of solid particles in the wind of low-metallicity
AGB stars, calculating the dust yields from this class of objects
(Ventura et al. 2012a,b, 2014; Di Criscienzo et al. 2013; Nanni
et al. 2013, 2014). These models have been successfully used to
interpret the near- and mid-infrared observations (mainly obtained
with the Spitzer Space Telescope) of evolved stars in the Magellanic
Clouds (Dell’Agli et al. 2014b, 2015a,b; Nanni et al. 2016) and in
the Local Group (LG) galaxy IC 1613 (Dell’Agli et al. 2016). An
important outcome of these investigations was the characterization
of the individual sources observed, in terms of the mass, formation
epoch and chemical composition of their progenitors. Furthermore,
these studies allowed important information to be inferred on the
past history of the host galaxy (particularly the star formation his-
tory and the mass–metallicity relationship) and provided valuable
constraints on the physical mechanisms relevant to understanding
the main evolutionary properties of AGB stars.
As mentioned above, these works have so far been based on
low-metallicity extragalactic AGB stars. This is partly owing to the
fact that the distances to Galactic sources are basically unknown
or very uncertain, so that interpretation of the observations is quite
difficult. This limitation will be largely overcome by the results of
the Gaia mission, because the parallaxes – and so the distances and
luminosities – will be measured with high accuracy for an important
fraction of Galactic AGB stars, including those exhibiting a large
degree of obscuration. This will open new frontiers in the AGB
field, because the sample of Galactic AGB stars is much larger and
extends to a wider metallicity range than the AGB population of the
Magellanic Clouds and other LG galaxies.
In order to be ready for the Gaia challenge, we have recently
extended the AGB models, until now limited to metallicities Z ≤
8 × 10−3, to solar metallicity (Di Criscienzo et al. 2016, hereinafter
DC16). In DC16 we presented the main evolutionary properties of
the solar-metallicity AGB models as well as the chemistry of the gas
ejected in the interstellar medium. Here we focus on the dust forma-
tion properties and present new dust yields based on a self-consistent
coupling of the wind description with the DC16 AGB evolutionary
models. In addition, these solar-metallicity AGB dust models will be
essential for interpreting the rich data set of IR photometric observa-
tions (e.g. from space missions such as MSX, AKARI and WISE) of
Galactic sources as well as the already available Spitzer photomet-
ric observations of evolved stars in nearby high-metallicity galaxies
such as M31 (Mould et al. 2008), M33 (McQuinn et al. 2007; Javadi,
van Loon & Mirtorabi 2011a,b; Javadi et al. 2015) and M32 (e.g.
Jones et al. 2015). The results presented here and in our previous pa-
pers of this series (Ventura et al. 2012a,b; Di Criscienzo et al. 2013;
Ventura et al. 2014), complemented by a new mass- and metallicity-
dependent supernova (SN) dust grid (Marassi et al. 2014, 2015;
Bocchio et al. 2016, Marassi et al. in prep), will allow us to assess
fully the role of AGB stars as cosmic dust polluters, in present-day
galaxies (Schneider et al. 2014) as well as at very high redshifts
(Valiante et al. 2009, 2011; Mancini et al. 2015, 2016).
2 D U S T FO R M AT I O N M O D E L
We describe the growth of dust particles in the circumstellar en-
velope of AGB stars by means of the schematisation introduced
by the Heidelberg group (Ferrarotti & Gail 2001, 2002, 2006). We
provide here a short description of the basic concepts upon which
the modelling of the wind dynamics and of the dust formation pro-
cess is based; we direct the interested reader to the previous works
on this topic (Ventura et al. 2012a,b; Di Criscienzo et al. 2013; Ven-
tura et al. 2014; Dell’Agli et al. 2014a), which include the full set of
equations used and a more exhaustive discussion on this approach.
The wind is assumed to expand isotropically from the surface
of the star. Dust formation occurs once the growth rate of solid
grains exceeds the rate of destruction (hereafter the decomposition
rate). The growth rate is determined by the deposition efficiency of
gaseous molecules on the already formed solid particles. For each
dust species, the decomposition rate is found via evaluation of the
vapour pressures of the individual molecular species involved, under
conditions of thermodynamic equilibrium (Gail & Sedlmayr 1999).
The description of the wind is self-consistently coupled to the
results of stellar evolution: the input parameters entering dust for-
mation, namely the mass (M), luminosity (L), effective temperature
(Teff), radius (R∗), mass-loss rate ( ˙M) and surface chemical com-
position of the star, are the natural outputs of AGB evolutionary
modelling.
The kind of particles formed in the circumstellar envelope de-
pends on the surface chemical composition of the star, mainly
on the surface carbon-to-oxygen (C/O) ratio. This is because the
CO molecule is extremely stable (Sharp & Huebner 1990), and
thus the least abundant element between carbon and oxygen is
locked into CO molecules. Based on stability arguments, we as-
sume that in carbon-rich environments the species of dust formed
are solid carbon, solid iron and silicon carbide, whereas in M
stars the formation of silicates (olivine, pyroxene and quartz),
solid iron and alumina dust is considered (Sharp & Huebner 1990;
Ferrarotti & Gail 2006). For each dust species it is possible to iden-
tify the key element, which is the element that is least abundant
among the various chemical species required to form the solid par-
ticles: such a key element is extremely important, as it determines
the largest amount of a specific kind of dust particle that can be
formed. A list of the dust species considered here, with the reac-
tions of formation, the key elements and the sticking coefficients
adopted, is shown in table 1 of Ventura et al. (2014).1
3 SO L A R M E TA L L I C I T Y AG B STA R S
The AGB evolutionary models calculated with the code ATON
(Canuto & Mazzitelli 1991) and used in the present work have
been recently published by DC16. The models span the range of
initial masses 1 M ≤ Mini ≤ 8 M. The upper limit is deter-
mined by the core collapse via electron capture experienced by
Mini > 8 M stars. During the AGB phase, the stars evolve on a
degenerate core composed of carbon and oxygen, with the excep-
tion of stars with mass greater than ∼6.5 M, which form a core
composed of oxygen and neon (the so-called SAGB stars), owing to
an off-centre ignition of carbon in conditions of partial degeneracy
(Garcı´a-Berro & Iben 1994; Garcı´a-Berro, Ritossa & Iben 1997;
Siess 2006, 2007, 2009, 2010). The interested reader is referred
to DC16 for an exhaustive discussion on the evolutionary proper-
ties of these stars. Here we provide only a brief summary of the
physical and chemical evolutionary aspects most relevant to the
dust formation process in their winds.
1 Following the analysis published in Dell’Agli et al. (2014a), where dif-
ferent values of the sticking coefficient for the alumina dust were explored,
we adopted the value 0.1, which is consistent with the recent laboratory
measurements by Takigawa et al. (2015).
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Stars of initial mass Mini ≥ 3.5 M, which we term ‘massive
AGB/SAGB stars’, experience hot bottom burning (hereinafter
HBB) at the base of the outer convective envelope (Renzini &
Voli 1981). The activation of proton-capture nucleosynthesis at the
bottom of the external mantle leads to a considerable increase in the
luminosity of the star (Blo¨cker & Scho¨enberner 1991), resulting in
significant deviations from the classic core mass–luminosity rela-
tionship (Paczynski 1970). The largest luminosities reached range
from L ∼ 2 × 104 L, for Mini = 3.5 M, to L ∼ 105 L, for
Mini = 8 M. The temperatures at which the bottom of the sur-
face convective zone is exposed, which affect the degree of nucle-
osynthesis experienced, span the range [30–100] MK (see fig. 1 in
DC16).
Regarding the chemistry, massive AGB/SAGB stars never reach
the C-star stage, because the surface carbon is destroyed at the base
of the convective envelope by proton-capture reactions, which pre-
vent the achievement of the C/O > 1 condition. Owing to the ignition
of CN cycling, the ejecta from these stars are nitrogen-rich (with an
overall nitrogen increase slightly below a factor of 10 with respect
to the initial abundance) and carbon-poor, with the carbon content
being one order of magnitude smaller than that of the original gas
out of which the stars formed. Unlike lower-metallicity AGB stars,
in this case the HBB temperatures are below 100 MK, which is
reflected in a modest (below ∼20 per cent) depletion of oxygen and
magnesium and a negligible production of aluminium. Sodium is
produced in significant quantities, with an average sodium increase
in the ejecta of a factor of ∼4 (see figs 8 and 9 in DC16).
The evolution of AGB models with Mini < 3.5 M, which
we term ‘low-mass AGB stars’, is very different from that of
their higher-mass counterparts. This is because the core mass is
<0.8 M, which is too small to activate HBB (Ventura et al. 2013).
In this case, the only physical mechanism able to alter the surface
chemical composition is the third dredge-up (TDU), which results
in a gradual increase in the surface carbon and, eventually, in the
formation of a C- star (C/O > 1).
Regarding the physics, the achievement of the C-star stage causes
a considerable increase in the surface molecular opacities, which
favours a general cooling and a considerable expansion of the ex-
ternal regions (Marigo 2002; Ventura & Marigo 2009, 2010). The
stellar effective temperature (Teff) decreases down to ∼1900 K, in
conjunction with the maximum surface carbon abundance. Con-
sequently, the outermost regions of the star become less and less
gravitationally bound and the mass-loss rate increases. After the
C-star stage is reached, the evolutionary times become short, and
the relative duration of the C-star phase is below 15 per cent with
respect to the entire AGB phase (see table 1 in DC16).
The surface chemical composition of low-mass AGB stars is
entirely dominated by the effects of TDU. The gas lost by these
stars is enriched in carbon, with a maximum increase by a factor of
∼3 achieved in the Mini = 3 M model. The final surface carbon
abundances range from XC = 7.3 × 10−3 for Mini = 1.5 M to
XC = 9.7 × 10−3 for Mini = 3 M. The enrichment in carbon
increases with Mini because more massive stars are exposed to a
higher number of TDU events before the envelope is completely
lost.
4 D U S T PRO D U C T I O N
As discussed in Section 2, the kind of dust grains (i.e. their spe-
cific chemical composition) formed in the wind of AGB stars is
determined mainly by the surface C/O ratio: oxygen-rich stars pro-
duce silicate and alumina (Al2O3) dust grains; C-stars produce solid
carbon and silicon carbide (SiC) grains.
The surface chemical composition of solar-metallicity AGB stars
is extremely sensitive to the initial mass (see Section 3): stars with
1.5 M ≤ Mini ≤ 3 M become carbon stars,2 while their higher-
mass counterparts evolve as M stars for the whole AGB phase. This
dichotomy is reflected in the dust composition, which is dominated
by silicates in massive AGB/SAGB stars and by solid carbon in the
low-mass domain. In the following, we analyse these two groups
separately. We do not discuss stars with Mini < 1.5 M, because
they produce only a negligible amount of silicates during their life.
4.1 Dust production in massive AGB/SAGB stars
Fig. 1 shows the variation of the luminosity, the size of the dust
particles formed in the wind, the fraction of the key species (sil-
icon and aluminium) condensed into dust, and the dust mass-loss
rate (split into the silicate and the alumina dust contributions), for
massive AGB/SAGB stars.
For these objects, the production of dust is modulated by the
luminosity (Ventura et al. 2012a,b). The larger L is, the larger the
mass-loss rate, and the higher the density of the gas (see equation 2
in Ventura et al. 2014). This favours dust production, owing to the
larger number of gaseous molecules available to form dust.
As shown in the top-left panel of Fig. 1, the luminosity increases
during the initial AGB phases owing to the increase in the core mass.
This trend is reversed at a given stage during the AGB evolution
because of the progressive consumption of the external mantle,
which favours the general cooling of the whole external structure.
This behaviour is reflected in the amount and the size of the dust
grains produced during the AGB lifetime. The silicate grains with
the largest size are formed during the highest-luminosity phases (see
the top-right panel in Fig. 1).3 This is the phase where we expect
massive AGB/SAGB stars to show the strongest IR emission, as this
is sensitive to the amount of dust in the circumstellar envelope.
Because higher-mass stars evolve at greater luminosities, olivine
grains with the largest size, aol ∼ 0.15µm, are produced by AGB
stars with initial mass close to the threshold to undergo core collapse,
namely Mini ∼ 8 M. Generally speaking, most of the olivine grains
formed in the wind of massive AGB/SAGB stars have dimensions
in the range 0.1µm< aol < 0.15µm, while pyroxene and quartz
grains can be as small as ∼0.07µm and < 0.05µm, respectively.
The fraction of silicon condensing into solid particles (see the
bottom-left panel in Fig. 1) is [20–40] per cent. In the case of stars
with initial mass Mini > 4 M these percentages are significantly
smaller than those in the alumina dust case, during almost the entire
AGB phase. This is because of the large extinction coefficient of
silicates, which favours a significant acceleration of the wind as
soon as silicate particles begin to form. Under these conditions,
mass continuity leads to a sudden drop in the density of the gas,
which prevents the further formation of dust.
Massive AGB/SAGB stars, particularly during the highest-
luminosity phases, eject great quantities of silicates into the in-
terstellar medium (see the bottom-right panel of Fig. 1). The rate
2 As discussed in DC16, stars of mass below 1.5 M never reach the C-star
stage, because they loose the whole external mantle before the amount of
surface carbon exceeds that of oxygen.
3 For the sake of clarity, we show only the dominant silicate species, i.e.
olivine. We discuss the properties of the other dust species in the text.
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Figure 1. The variation during the AGB phase of the physical and dust properties of massive AGB/SAGB stars, with initial mass in the range [3.5–8] M,
shown by the coloured lines from orange to green, respectively. The current mass of the star (decreasing during the evolution) is displayed on the abscissa. The
quantities shown in the four panels are: luminosity (top-left); the size of olivine and Al2O3 grains (top-right, solid and dashed lines, respectively); the fraction
of silicon condensed into silicates and the fraction of aluminium condensed into alumina dust (bottom-left, solid and dashed lines, respectively); the silicate
and alumina dust mass-loss rates (bottom-right, solid and dashed lines, respectively). A coloured version of this plot is available online.
at which silicate dust is ejected is in the range 10−8 M yr−1 <
˙Msil < 10−6 M yr−1.
The behaviour of alumina dust is different from that of silicates.
Al2O3 is more thermodynamically stable (Sharp & Huebner 1990),
and thus it forms closer to the stellar surface (Dell’Agli et al. 2014a).
This compound is rather transparent to the electromagnetic radia-
tion, so no significant acceleration of the gas occurs when alu-
mina dust is formed. Therefore, it is possible that high fractions of
the aluminium available condense into dust. This is shown in the
bottom-left panel of Fig. 1, where it can be seen that during the
highest luminosity phases of SAGB stars (6 M ≤ Mini ≤ 8 M)
more than ∼80 per cent of aluminium is condensing into dust. The
largest sizes of alumina dust particles, aAl2O3 ∼ 0.07µm (see top-
right panel in Fig. 1), are reached during the phases when all the
aluminium available is locked into Al2O3 grains. The alumina dust
contribution to the total dust production rate is approximately one
order of magnitude smaller than that of the silicates, with Al2O3
mass-loss rates of ˙MAl2O3 < 10−7 M yr−1 in all cases (see the
bottom-right panel in Fig. 1).
When comparing the formation process of silicate and alumina
dust, it is important to note that the main limiting factor to the growth
of silicates is the large wind acceleration caused by radiation pres-
sure, which leads to a sudden drop of the gas density. Conversely, the
main limiting factor to the growth of alumina grains is the amount
of aluminium present in the surface regions of the star.
Alumina dust starts to condense at distances below ∼3 R from
the stellar surface, whereas silicate particles form in a region be-
tween 4 and 9 R. The location of the condensation zone of sil-
icates is sensitive to the initial mass of the star, being closer to
the stellar surface the lower Mini is. In [6–8] M SAGB stars, the
MNRAS 467, 4431–4440 (2017)
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Table 1. Dust mass produced by low-mass AGB and massive AGB/SAGB models of solar metallicity. The initial stellar mass Mini is shown in the first
column. The total mass of dust, Md, and the mass of the several dust species: olivine (Mol), pyroxene (Mpy), quartz (Mqu), alumina dust(MAl2O3 ), solid
iron (Mir), solid carbon (MC) and silicon carbide (MSiC) are also shown. All masses are expressed in solar units.
Mini Md Mol Mpy Mqu MAl2O3 Mir MC MSiC
1.5 5.11 × 10−4 8.45 × 10−5 2.95 × 10−5 9.40 × 10−6 4.42 × 10−8 1.16 × 10−4 5.61 × 10−5 2.08 × 10−4
1.75 7.17 × 10−4 2.81 × 10−5 1.18 × 10−5 7.67 × 10−6 1.72 × 10−8 2.74 × 10−4 2.82 × 10−4 1.05 × 10−4
2.0 2.34 × 10−3 6.36 × 10−6 2.36 × 10−6 8.71 × 10−7 2.18 × 10−9 1.28 × 10−3 9.41 × 10−4 1.10 × 10−4
2.25 3.23 × 10−3 1.81 × 10−6 7.05 × 10−7 4.31 × 10−7 1.31 × 10−9 9.69 × 10−5 2.53 × 10−3 6.01 × 10−4
2.5 4.19 × 10−3 1.62 × 10−7 6.06 × 10−8 2.35 × 10−8 2.29 × 10−10 2.29 × 10−5 3.27 × 10−3 8.93 × 10−4
3.0 6.05 × 10−3 5.24 × 10−7 2.08 × 10−7 8.84 × 10−8 5.04 × 10−10 2.07 × 10−5 5.09 × 10−3 9.40 × 10−4
3.5 2.37 × 10−3 1.53 × 10−3 4.44 × 10−4 5.35 × 10−5 2.96 × 10−5 2.96 × 10−4 – –
4.0 3.20 × 10−3 2.33 × 10−3 6.00 × 10−4 3.96 × 10−5 1.15 × 10−4 1.09 × 10−4 – –
4.5 3.74 × 10−3 2.75 × 10−3 6.74 × 10−4 3.63 × 10−5 1.95 × 10−4 8.11 × 10−5 – –
5.0 4.48 × 10−3 3.31 × 10−3 7.70 × 10−4 3.28 × 10−5 3.07 × 10−4 6.19 × 10−5 – –
5.5 5.34 × 10−3 3.91 × 10−3 8.70 × 10−4 2.95 × 10−5 4.75 × 10−4 5.08 × 10−5 – –
6.0 6.16 × 10−3 4.47 × 10−3 9.61 × 10−4 2.92 × 10−5 6.43 × 10−4 5.08 × 10−5 – –
6.5 7.72 × 10−3 5.60 × 10−3 1.12 × 10−3 2.61 × 10−5 9.15 × 10−4 5.74 × 10−5 – –
7.0 8.20 × 10−3 5.92 × 10−3 1.16 × 10−3 2.62 × 10−5 1.04 × 10−3 5.82 × 10−5 – –
7.5 1.05 × 10−2 7.51 × 10−3 1.36 × 10−3 2.20 × 10−5 1.51 × 10−3 7.98 × 10−5 – –
8.0 1.14 × 10−2 8.22 × 10−3 1.43 × 10−3 2.07 × 10−5 1.65 × 10−3 8.41 × 10−5 – –
Figure 2. The masses of silicate (left panel) and alumina (right panel) dust produced by solar-chemistry AGB stars of different masses are indicated with full
squares and connected with a solid line. Results for lower-metallicity models with Z = 10−3, 4 × 10−3, 8 × 10−3 are indicated, respectively, with full green
diamonds (dashed line), full blue triangles (dot–dashed line) and full red points (dotted line). The results from Nanni et al. (2013, Na13) and from Ferrarotti &
Gail (2006, FG06) for Z = 0.02 are shown, respectively, with open orange points, connected with a long-dashed line, and with magenta crosses, connected
with a solid line (note that the formation of Al2O3 particles is not described in Ferrarotti & Gail 2006).
formation of alumina dust in an internal zone of the circumstel-
lar envelope, despite not being sufficient to accelerate the wind,
produces a steep gradient of the optical depth (see equation 4 in
Ventura et al. 2014). This increases the gas temperature (equation
3 in Ventura et al. 2014), moving the silicate dust condensation
zone to more external regions (between 6 and 9 R from the stellar
surface). This effect is negligible in massive AGB stars with Mini 
5 M, and the silicate dust formation takes place in a more internal
region (between 4 and 6 R).
The masses of silicate and alumina dust produced by solar-
metallicity AGB stars are listed in Table 1. In Fig. 2 they
are compared with results from lower-Z AGB models (Ventura
et al. 2012a,b; Di Criscienzo et al. 2013; Ventura et al. 2014). We find
that the amount of silicate and alumina dust increases with the initial
mass of the star. The mass of produced silicate dust ranges from
Msil ∼ 2 × 10−3 M (Mini = 3.5 M) to Msil ∼ 9.7 × 10−3 M
(Mini = 8 M). The amount of formed alumina dust spans the mass
interval 3 × 10−5 < MAl2O3 < 1.7 × 10−3 M. Considering both
dust contributions (alumina and silicates), we find for the present
models a dust-to-gas ratio (δ) of log(δ) ∼ −3. As discussed earlier
in this section, the mass-loss rate is the key parameter determining
the overall dust production in massive AGB/SAGB stars. This is the
reason why δ turns out to be only mildly dependent on Mini.
The left panel of Fig. 2 shows that the mass of silicates scales
almost linearly with Z. This is caused by the larger amount of silicon
available in higher-metallicity stars. The trend of the alumina dust
MNRAS 467, 4431–4440 (2017)
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mass with metallicity is still positive but less straightforward, the
results being less sensitive to Z. The higher efficiency of HBB in
lower-metallicity models favours alumina dust production (i.e. more
gaseous Al is available to form Al-based dust grains) and partially
compensates the effect of the lower metallicity. On the other hand,
the exhaustion of the gaseous aluminium available for condensation
into dust sets an upper limit to the amount of Al2O3 formed.
The present results indicate that massive AGB stars experiencing
HBB are the main manufacturers of alumina dust and silicates.
This is in good agreement with the recent findings by Lugaro et al.
(2017): by comparing the 17O/16O isotopic ratio in presolar grains
with the new 17O(p, α)14N proton-capture rate (Bruno et al. 2016),
these authors found that massive AGB stars experiencing HBB are
the stars most likely to be responsible for the formation of Al-rich
oxides and silicate grains.
4.2 Dust production in low-mass AGB stars
Low-mass AGB stars produce negligible quantities of silicate and
alumina dust grains during the initial part of their AGB evolution,
before becoming C-stars. This is because of the low mass-loss rate
and luminosity experienced. The dust formed in the circumstellar
envelope of these stars is produced mainly during the C-rich phase
and is composed of solid carbon and SiC.
While luminosity is the main factor affecting dust formation in
massive AGB/SAGB stars, the formation of dust in low-mass stars
is guided by the amount of carbon available in the envelope. There-
fore, the quantity of dust formed increases during the C-star phase,
as more and more carbon is transported to the stellar surface, ow-
ing to the effects of repeated TDU episodes. The increase in the
surface carbon is accompanied by an increased cooling of the ex-
ternal regions, which leads to a significant decrease in the effective
temperature and to an increase in the mass-loss rate (Marigo 2002;
Ventura & Marigo 2009, 2010). This additional factor, for the rea-
sons outlined in the previous sections, further favours the formation
and growth of C-based dust particles.
Fig. 3 shows the variation of the surface C/O ratio, the size of
carbon and SiC dust grains formed, the fraction of carbon and silicon
condensed into dust, and the mass-loss rate of carbon and SiC dust,
during the AGB phase of stars with initial mass 1.5 M ≤ Mini ≤
3 M.
The size of the carbon dust grains increases during the AGB
phase (see top-right panel) as a consequence of the increase in the
surface carbon abundance (top-left panel). Therefore, carbon grains
with the largest size form during the final AGB phases, when the
surface carbon mass fraction reaches the maximum value. The typ-
ical size of carbon grains is in the range 0.05µm< aC < 0.25µm,
and it increases with the initial stellar mass, because stars of higher
mass experience a higher number of TDU episodes, accumulating
a higher abundance of carbon in the external layers (DC16). This is
clear from Fig. 3 (top-right panel), where models with Mini < 2 M,
whose surface C/O barely exceeds unity, form smaller dust grains
than their more massive counterparts.
The fraction of gaseous carbon condensed into dust, shown in
the botton-left panel of Fig. 3, ranges from ∼10 to ∼35 per cent.
The upper limit is motivated by the large values of the carbon dust
extinction coefficients, which favour a rapid acceleration of the wind
once carbon grains begin to form. This is similar to the effect on the
dynamics of the wind triggered by the formation of silicates in the
circumstellar envelope of massive AGB/SAGB stars.
A different behaviour is found for SiC. Although SiC is more
stable and it is formed in more internal circumstellar regions (with
higher density), the growth of SiC particles never exceeds the thresh-
old value of aSiC ∼ 0.1µm (see the top-right panel in Fig. 3), which
corresponds to the situation where ∼55 per cent of gaseous silicon is
condensed into dust (see the bottom-left panel in Fig. 3). This is the
largest amount of silicon available to form dust, because of the high
stability of the SiS molecule, which means that ∼45 per cent of the
total silicon in the envelope is locked into gaseous SiS (Ferrarotti &
Gail 2006).
The region where SiC forms is ∼[3.5–5.5]R from the surface of
the star, to be compared with the larger distances, ∼[5.5–9]R, of
the carbon condensation zone.
Similarly to what is found for oxygen-rich stars, the formation
of the most stable dust species, namely SiC, favours an increase
in the optical depth, so that solid carbon condensation takes place
in a more external region of the wind. This effect becomes more
and more important as the stars evolve through the AGB, because
the density of the wind increases towards the final evolutionary
phases. In stars with initial mass Mini < 2 M, which achieve only
a modest C/O ratio during the AGB evolution, the residual gaseous
carbon in the wind after SiC formation in the internal regions of
the circumstellar envelope is such that the size of the carbon grains
formed is barely equal to or is even smaller than that of SiC grains.
The rates at which carbon and SiC dust are ejected into the
interstellar medium increase during the AGB evolution. The largest
values, attained in the final evolutionary phases, are of the order
of ˙MC ∼ 10−6 ˙M yr−1 for carbon dust and of 10−8 ˙M yr−1 <
˙MSiC < 10−7 ˙M yr−1 for SiC (see the bottom-right panel in Fig. 3).
The masses of carbon and SiC dust produced by solar-metallicity
low-mass AGB stars are shown in Fig. 4 and compared with the
corresponding dust masses from lower-metallicity stars. The mass
of carbon dust is in the range 10−4 M < MC < 10−2 M. The
trend with Mini is positive, as expected (see the discussion above).
The trend with metallicity, however, is not trivial. For stars with
Mini ≤ 2 M, the amount of carbon dust produced by solar-
metallicity models is smaller than what is found at lower Z. Because
of the higher initial amount of oxygen, the C-star stage is attained
in a more advanced AGB phase, and the carbon excess with respect
to oxygen is generally smaller. For stars with Mini ∼ [2.5 − 3] M,
this is compensated by the higher temperatures at the base of the en-
velope attained by lower-metallicity stars of the same mass, which
favours the ignition of a soft HBB, preventing the accumulation of
high quantities of carbon in the surface regions.
The dust-to-gas ratio of C-stars ranges from log(δ) ∼−3, at the
beginning of the carbon-rich phase, up to log(δ) ∼−2.4, achieved
during the final phases of AGB stars with Mini = [2.5 − 3] M.
The mass of SiC produced is in the range 10−4 M
< MSiC < 10−3 M. Although the abundance of the key species
(silicon in this case) results to be proportional to the metallicity, this
is not the case for MSiC. For Mini ≤ 2 M, MSiC is comparable to
what is found for the Z = (4 − 8) × 10−3 models, whereas for higher
masses the SiC dust mass for Z = 0.018 is slightly larger than that
for lower-Z AGB stars. The reasons for this behaviour are the same
as those illustrated above to explain the trend of carbon dust with
metallicity. In addition, a significant fraction of the mass of the en-
velope is lost when the stars are still oxygen-rich, and thus the mass
lost by the star during the phase when SiC dust is formed is smaller.
This effect partly counterbalances the higher silicon abundance in
the star.
Regarding what affects the relative contributions of solid carbon
and SiC to the overall dust production by low-mass AGB stars, we
find that the individual contributions of the two species are sensitive
to the initial mass of the star. Stars with Mini  2 M become
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Figure 3. Variation during the AGB phase of the physical and dust properties of stars with initial mass in the range [1.5–3] M, shown by the coloured lines
from magenta to blue. The current mass of the star (decreasing during the evolution) is displayed on the abscissa. The quantities shown in the four panels are:
surface C/O ratio, with the values of the final surface carbon mass fraction also indicated (top-left), size of SiC and solid carbon grains (top-right, solid and
dashed lines, respectively), fraction of silicon condensed into SiC and of carbon condensed into dust (bottom-left, solid and dashed lines, respectively), SiC
and carbon mass-loss rates (bottom-right, solid and dashed lines, respectively). A coloured version of this plot is available online.
C-stars only in the very final AGB phases, with a surface C/O only
slightly above unity (DC16; see also the top-left panel of Fig. 3).
In these conditions, the excess of carbon with respect to oxygen is
so small that the masses of SiC and solid carbon are very similar.
On the other hand, in stars with Mini > 2 M, we find that C/O
∼1.5 and the amount of carbon not locked into CO molecules is
sufficiently large to allow the formation of solid carbon in excess of
that of SiC.
4.3 Comparison with other AGB dust yields
In this section we focus attention on a comparison with different
results on the AGB dust yields (i.e. the mass of the various dust
species produced), obtained using the same methodology as for the
dust formation model but a different AGB phase description.
As stated previously, we use the same approach as introduced
for the first time by Ferrarotti & Gail (2006, hereinafter FG06)
to describe the wind dynamics and dust production. FG06 base
their modelling on a synthetic description of the AGB phase. The
metallicity used by FG06 (Z = 0.020) is slightly higher than the
value adopted here (Z = 0.018), but the difference is sufficiently
small to allow a straight comparison of the results.
In Figs 2 and 4 we show FG06’s dust yields, in order to allow
a direct comparison with our results. The different parametrization
adopted to describe the TDU efficiency is probably the reason for the
difference in the minimum mass reaching the C-star stage, which
is 2 M in FG06, compared with 1.5 M found in the present
work, for models of solar metallicity. A common behaviour of the
two sets of models is the increase in the amount of solid carbon
and SiC produced with the initial mass. In the FG06 case, larger
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Figure 4. The mass of solid carbon (left panel) and silicon carbide (right panel) produced by solar-chemistry AGB stars of different masses compared with
models of similar metallicity by Nanni et al. (2013, Na13) and Ferrarotti & Gail (2006, FG06) and with the results for lower-metallicity models (Z = 10−3, 4
× 10−3 and 8 × 10−3). The same symbols as in Fig. 2 are adopted.
quantities of solid carbon are found in the range of mass close to
the lower threshold required to activate HBB; this is probably due
to the larger number of thermal pulses experienced in the FG06
models, resulting in a larger amount of surface carbon available to
form carbon dust. Stars with initial masses lower than 2 M do not
become C-stars, and are responsible for the production of silicate
dust in the range 10−3 − 10−4 M.
Regarding the massive star domain, FG06 assume that the HBB
is active for M ≥ 4 M. While the production of silicates is com-
parable with our results in the lower limit of this range of masses,
for the most massive AGB stars the amount of silicates formed is a
factor of ∼2 smaller than that in the present models: this is due to
the higher efficiency of the HBB process, in turn determined by the
greater efficiency of the convective models adopted here. An addi-
tional difference between the present results and FG06 regarding
the dust budget of massive stars is that in the latter models some
carbonaceous dust is produced at the end of the AGB phase, owing
to the effects of some late TDU events, after HBB is extinguished.
The same methodology as introduced by FG06, and used in
the present work, was used also by Nanni et al. (2013, hereafter
Na13), to calculate the dust yields from AGB stars with solar chem-
istry. For the sake of clarity, we compare the silicate total dust
production with the low-condensation-temperature case (i.e. chem-
ical sputtering case) adopted by Na13, which is the same approx-
imation as considered in the present work. However, Na13 state
that low- and high-condensation-temperature approaches reach ap-
proximately the same condensation degrees during the phases that
dominate the total dust production.
The dust yields predicted by Na13 are shown in Figs 2 and 4.
An obvious difference is the threshold mass that separates stars
producing mainly carbonaceous dust from those producing silicate
and alumina dust. This mass limit is Mini ∼ 3 M in the present
computation, while it is Mini ∼ 4 M in Na13.
This difference stems from the different convection modellings.
Our AGB computations are based on the Full Spectrum of Tur-
bulence (FST) convective model (Canuto & Mazzitelli 1991). As
shown by Ventura & D’Antona (2005), the use of FST modelling
leads to very efficient HBB conditions; that is, the minimum mass
required to experience HBB in the FST model is significantly
lower than for other AGB models in the literature (e.g. Karakas &
Lugaro 2016).
For massive AGB stars with Mini in the range [5–6] M, the
amounts of alumina and silicate dust predicted by Na13 are ap-
proximately a factor of 2 higher than in our AGB models (see
Fig. 2). This difference is attributable mainly to the different dura-
tion of the highest-luminosity phase that is coupled with the max-
imum dust production phase. In Na13, this phase is a factor of
∼2 longer than in our AGB models. In the case of alumina dust,
the choice of the sticking coefficients also affects this difference.
We use αAl2O3 = 0.1, while Na13 adopted a much higher value of
αAl2O3 = 1.
For low-mass AGB stars, the mass of SiC is similar in the two
studies, while the amount of carbon dust produced by our models
is approximately a factor of 2 larger than in Na13. This is probably
because of the different choice adopted for the fraction of seed
nuclei with respect to the number density of hydrogen molecules
(s). We follow Ferrarotti & Gail (2006) and assume that s = 10−13,
while Na13 assume that the number of seed particles relevant for
the formation of carbon grains scales with C/O.
4.4 The total dust production from solar-metallicity AGB stars
Fig. 5 shows the total dust mass produced by AGB stars of solar
metallicity. In order to better understand the trend of the dust mass
with metallicity, we also show the results from our previous works
focused on lower-Z AGB stars (Ventura et al. 2012a,b; Di Criscienzo
et al. 2013; Ventura et al. 2014).
The dependence of the dust mass produced on the initial stellar
mass can be understood on the basis of the arguments presented
earlier in this section and can be summarized as follows.
(i) In low-mass AGB stars, the total amount of dust produced
(Mdust), composed of solid carbon and SiC, increases with the initial
stellar mass. We find that Mdust ∼ 5 × 10−4 M for Mini = 1.5 M,
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Figure 5. The total dust mass produced by solar-metallicity AGB models of
various initial mass are indicated with black, full squares and are connected
with a solid line. Also shown are the results for lower-metallicity models,
with the same symbols as in Fig. 2.
and is up to Mdust ∼ 6 × 10−3 M for Mini = 3 M. The reason for
this is that the number of TDU events experienced increases with
Mini. Consequently, higher-mass stars accumulate more carbon in
the external regions, which favours the formation of carbon dust.
(ii) Regarding the dust composition, we find that for increasing
Mini the ratio between the mass of solid carbon and the mass of SiC
increases. This is because the amount of SiC formed, unlike carbon,
is rather independent of the surface chemical composition, as the
most relevant species for the formation of SiC is silicon.
(iii) The AGB model forming the minimum amount of silicate
dust, Mdust ∼ 2.4 × 10−3 M, has an initial mass Mini = 3.5 M.
This is the lowest mass experiencing HBB, which destroys surface
carbon, thus preventing the formation of carbonaceous dust. On
the other hand, the production of silicates is low, because this star
experiences a soft HBB during the AGB phase and the luminosity
is below 25 000L.
(iv) For massive AGB/SAGB stars, the mass of dust formed in-
creases with Mini, ranging from the quantity given in the previous
point (iii) to Mdust = 1.14 × 10−2 M, for the most massive SAGB
star with Mini = 8 M. This is because higher-mass stars experi-
ence a stronger HBB, and thus evolve at higher luminosities and
mass-loss rates.
(v) For massive AGB/SAGB stars the majority of the dust formed
is composed of silicates, with ∼10 per cent of alumina dust.
The dependence of dust production on the initial metallicity of
massive AGB/SAGB stars is fairly straightforward. Dust produc-
tion increases with Z, because the initial mass fractions of the key
elements relevant to the formation of silicate and alumina dust (i.e.
silicon and aluminium, respectively) increase almost linearly with
Z, and their abundance does not change during the AGB evolution.
The trend of the dust mass with Z is not completely linear though,
because lower-Z AGB stars experience a more efficient HBB, which,
for the reasons given above, favours a more efficient formation of
silicates and of Al2O3.
For low-mass AGB stars, the dependence of dust production on
the initial stellar metallicity is more complex. In these stars, most
of the dust formed is composed of solid carbon, which is sensitive
to the amount of carbon accumulated in the surface regions, as
a consequence of repeated TDU episodes. Solar-metallicity AGB
stars produce, on average, a smaller quantity of dust compared
with their lower-metallicity counterparts. The reasons for this are
twofold: (a) the C-star stage is reached later in the AGB evolution,
when a significant fraction of the envelope has been lost; (b) the
initial amount of oxygen in the star is larger, and thus a smaller
quantity of carbon (in excess of oxygen) is available to form dust.
5 C O N C L U S I O N S
In this paper, we have completed the grid of ATON dust yields for
AGB/SAGB stars, extending our previous calculations to solar-
metallicity stars. Our main results can be summarized as follows.
The kind of dust produced reflects a dichotomy (C-rich versus
O-rich) in the evolution of the surface chemical composition, which
depends on the initial stellar mass, Mini.
In low-mass AGB stars, with 1.5 M ≤ Mini ≤ 3 M, the surface
chemical composition is altered by the several TDU episodes that
eventually lead to the formation of a C-star (C/O > 1). The formation
of solid carbon and SiC grains takes place in the circumstellar
envelope of these stars. The size of SiC grains formed stays at
around aSiC ∼ 0.1µm for the whole AGB life. However, the size
of carbon grains increases with the increasing amount of carbon
being accumulated in the surface regions. The carbon dust particles
with the largest sizes, aC  0.2µm, are formed in the very final
evolutionary phases of AGB stars with Mini = 2.5–3 M. The mass
of carbonaceous dust formed increases with the mass of the star,
ranging from a few 10−4 M for Mini ∼ 1.5 M, to ∼10−3 M
for Mini ∼2.5–3 M. In the lowest-mass stars, the dominant dust
component is SiC, while in their more massive counterparts most
of the dust produced is in the form of solid carbon.
Massive AGB/SAGB stars with Mini > 3 M experience HBB. In
this case the formation of carbon stars is inhibited by the destruction
of surface carbon via proton-capture reactions at the base of the
convective envelope. The most relevant dust species formed in these
stars are silicate and alumina dust. The latter is more stable than
silicates, but the amount of dust that can be produced is severely
limited by the scarcity of aluminium. Alumina grains grow until
reaching dimensions of the order of aAl2O3 ∼ 0.06–0.07µm. Most
of the dust produced by massive AGB/SAGB stars is in the form
of silicates. The size reached by the dominant silicates grains (i.e.
olivine) is in the range 0.1 < aol < 0.15µm. The mass of dust
produced increases with Mini because higher-mass stars evolve on
more massive degenerate cores and are exposed to stronger HBB
conditions. We find that Mdust ∼ 3.4 × 10−3 M for Mini ∼ 3.5 M,
up to a maximum of Mdust ∼ 1.1 × 10−2 M for Mini ∼ 8 M.
Silicates are the largely dominant dust species in all cases.
Previously computed ATON AGB models with dust formation
have been able to explain and interpret photometric observations
of evolved stars in several low-metallicity galaxies of the LG. The
results of the present study will allow these studies to be extended to
evolved stellar populations in our Galaxy and other high-metallicity
LG galaxies. In addition, the complete grid of dust and metal yields
based on ATON AGB/SAGB models with metallicity 0.001 ≤ Z ≤
0.018 and initial mass 1.5 M ≤ Mini ≤ 8 M will be a valu-
able tool for chemical evolution studies, allowing estimation of
the contribution of intermediate-mass stars to metal and dust en-
richment on time-scales >40 Myr. In a more general context, the
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solar-metallicity AGB dust yields will allow a comparison of the
relative roles of AGB and SNe as stellar sources of dust over a wide
range of metallicity, and an assessment of the contribution of AGB
stars to the existing dust mass of the Milky Way, complementing the
work that has already been carried out on the Magellanic Clouds.
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